Vibrio parahaemolyticus is a leading cause of seafood-borne gastroenteritis; however, its virulence mechanisms are not well understood. The identification of type III secreted proteins has provided candidate virulence factors whose functions are still being elucidated. Genotypic strain variability contributes a level of complexity to understanding the role of different virulence factors. The ability of V. parahaemolyticus to inhibit Rho family GTPases and cause cytoskeletal disruption was examined with HeLa cells. After HeLa cells were infected, intracellular Rho activation was inhibited in response to external stimuli. In vitro activation of Rho, Rac, and Cdc42 isolated from infected HeLa cell lysates was also inhibited, indicating that the bacteria were specifically targeting GTPase activation. The inhibition of Rho family GTPase activation was retained for clinical and environmental isolates of V. parahaemolyticus and was dependent on a functional chromosome I type III secretion system (CI-T3SS). GTPase inhibition was independent of hemolytic toxin genotype and the chromasome II (CII)-T3SS. Rho inhibition was accompanied by a shift in the total actin pool to its monomeric form. These phenotypes were abrogated in a mutant strain lacking the CI-T3S effector Vp1686, suggesting that the inhibiting actin polymerization may be a downstream effect of Vp1686-dependent GTPase inhibition. Although Vp1686 has been previously characterized as a potential virulence factor in macrophages, our findings reveal an effect on cultured HeLa cells. The ability to inhibit Rho family GTPases independently of the CII-T3SS and the hemolytic toxins may provide insight into the mechanisms of virulence used by strains lacking these virulence factors.
Vibrio parahaemolyticus is a gram-negative halophilic bacterium that is found in estuarine waters worldwide (41) . Although this organism has become a leading cause of seafoodborne gastroenteritis due to its accumulation in filter-feeding shellfish (6, 13, 29, 45) , its virulence mechanisms remain poorly understood. The hemolytic toxins TDH and TRH are produced by some strains of V. parahaemolyticus and have been associated with pathogenesis (41, 59) . Genome sequencing of the Asian pandemic strain RMD2210633 has revealed the presence of a type III secretion system on each of the two chromosomes, chromosome I and II (CI-T3SS and CII-T3SS) (38) , and several type III secreted proteins have been implicated as potential virulence factors (9, 31, 34, 50, 61) . Although studies of secreted proteins have provided further insight into virulence, they have been predominantly restricted to the Asian pandemic strains. There is tremendous genetic diversity among strains of V. parahaemolyticus, particularly between Asian strains and those isolated in North America (14, 36) . Genotyping of clinical isolates has revealed that the presence of the CII-T3SS and toxin genes is variable among strains, suggesting that these virulence factors are not strictly required to cause disease in humans (39) . Because our understanding of the virulence mechanisms of this organism is limited, effectively screening for and identifying these potentially pathogenic isolates is a problem.
Previous work from our laboratory demonstrated the abilities of North American clinical and environmental isolates of V. parahaemolyticus to cause cytoskeletal disruption and the loss of tight junction structures in CaCo-2 cells in a toxinindependent manner (36) . Cytoskeletal disruption is a common virulence strategy among pathogenic bacteria and is often mediated by targeting Rho family GTPases (23) . Rho family GTPases (Rho, Rac, and Cdc42) act as binary molecular switches, alternating between active GTP-bound and inactive GDP-bound states. This activity allows for the regulation of intracellular signal transduction pathways involved in the transcriptional regulation of cell cycle control, cell trafficking, and cytoskeletal organization (see 28 for a review of Rho family GTPase biochemistry and biology). With regard to the actin cytoskeleton, Rho family GTPases mediate the intracellular formation and organization of actin stress fibers and the cellular protrusions lamellipodia and filopodia. Activation of these signaling molecules can lead to the polymerization of actin monomers (G-actin) to form filamentous actin (F-actin). Rho activation stimulates formin-induced actin nucleation during stress fiber formation (28, 52, 54, 64) , whereas the activation of Rac and Cdc42 induces F-actin polymerization during the formation of lamellipodia and filopodia, respectively, through the activation of the Arp2/3 complex (15, 25, 28) . Active Rho, Rac, and Cdc42 may also serve to inhibit the ADF/cofilin-dependent depolymerization of F-actin to G-actin through the subsequent activation of LIM kinases (8, 16, 37, 48) . The inactivation of Rho family GTPases can lead to depolymerization of actin structures (7, 28) and an overall loss of intracellular F-actin (17, 46, 58) and will inevitably affect cellcell and cell-matrix adhesion sites (12, 47) .
The regulated activation of Rho family GTPases involves several accessory molecules. Inactive GDP-bound GTPases reside in the cytoplasm bound to GDP dissociation inhibitors (GDIs). When they are properly stimulated, the GTPases are targeted to the cell membrane where guanine nucleotide exchange factors (GEFs) catalyze the exchange of GDP for GTP, as well as the dissociation from the GDI. This nucleotide exchange causes a conformational change in the GTPase to its active form, allowing interaction with downstream effector molecules. GTPase-activating proteins (GAPs) then catalyze the intrinsic ability of the GTPase to cleave the ␥-phosphate of GTP via hydrolysis, thereby returning the protein to its GDPbound inactive state (28) . Bacterial pathogens often mimic or inhibit the steps in this cycle in order to facilitate virulence (3, 5, 56, 62) .
In this study, we examined the effect of North American isolates of V. parahaemolyticus on Rho family GTPases in cultured HeLa cells. Infection with clinical and environmental isolates resulted in the in vivo inhibition of Rho activation in response to the stimulus calpeptin, as well as inhibition of the in vitro activation of Rho family GTPases isolated from cell lysates. GTPase inhibition was accompanied by a shift in the pool of intracellular actin to its monomeric form. These phenotypes were dependent on the translocation of Vp1686 into the HeLa cells via a functional CI-T3SS, a novel effect of this previously characterized protein. The delivery of this potential virulence factor by nontoxigenic strains supports evidence for their potential to cause disease in humans and illustrates the need for a better understanding of virulence.
MATERIALS AND METHODS
Bacterial strains and cell lines. Vibrio parahaemolyticus clinical isolates BCC23, BCC34, and BCC7 and environmental isolates BCE306 and BCE515 were generous gifts from the Canadian Food Inspection Agency (Burnaby, BC, Canada) (Table 1) . Cultures were grown at 37°C for 18 h with shaking (225 rpm) in nutrient broth (Difco, Sparks, MD) supplemented with 3% NaCl (SNB). HeLa cells (CCL2; ATCC) were grown in Dulbecco's modified Eagle's medium (DMEM; catalog no. 11965; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum at 37°C in 5% CO 2 , unless otherwise specified.
Rho quantification enzyme-linked immunosorbent assay. Assays were performed using an absorbance-based G-LISA RhoA activation assay kit (Cytoskeleton, Denver, CO) following the manufacturer's instructions. Briefly, HeLa cells were seeded in 6-well plates and allowed to reach 50 to 60% confluence, at which point they were rinsed with phosphate-buffered saline (PBS) and serum starved (DMEM, no supplementation) for 24 h. For infection studies, cells were infected with bacterial overnight cultures (multiplicity of infection [MOI], 25) for the specified times. After appropriate infection times, the monolayers were rinsed again with PBS and treated with DMEM supplemented with either 0.1 mg/ml calpeptin (Biomol, Plymouth Meeting, PA) to stimulate Rho activation or with dimethyl sulfoxide (DMSO) medium control for 20 min. The monolayers were then rinsed with PBS and lysed in 100 l of lysis buffer, and lysates were immediately snap frozen in liquid nitrogen to prevent spontaneous Rho inactivation. Once all samples had been processed, lysates were thawed, normalized for protein concentration, and added to 96-well plates coated with Rhotekin-RBD to bind activated Rho. Wells were washed in order to remove inactive Rho, incubated with primary and secondary antibodies as per instructions, and treated with a horseradish peroxidase detection reagent. The amount of activated Rho was determined by measuring the optical density at 490 nm (OD 490 ) in a plate reader (Bio-Rad 680 microplate reader). Activated Rho in calpeptin-treated samples was calculated as a ratio of the activated Rho from medium control samples to normalize for variability between assays and expressed as the mean Ϯ standard error of the mean (SEM). A one-way analysis of variance (ANOVA), followed by Dunnett's multiple comparison test, was used to compare infected samples with uninfected controls (GraphPad Prism). A value of P Ͻ 0.05 indicates significance.
PCR profiling for virulence factors. DNA was isolated, using PCR, from a collection of V. parahaemolyticus strains (Table 1) as described previously (36) . Primer sequences were used for PCR amplification of the genes tdh and trh and the genes encoding the ATPase portions of the CI-T3SS (vscN1) and CII-T3SS (vscN2) as listed in Table 2 .
GTPase pulldown assay. Assays were performed using commercially available kits (Upstate, Lake Placid, NY) following the manufacturer's instructions. Briefly, HeLa cells were seeded in 10-cm dishes and allowed to reach 80% to 90% confluence. For infection studies, cells were infected with overnight-incubated bacterial cultures (MOI, 25) for the specified times. The monolayers were rinsed with Tris-buffered saline before 0.5 ml of magnesium lysis buffer (25 mM HEPES [pH 7.5], 125 mM NaCl, 1% Igepal CA-630, 10 mM MgCl 2 , 1 mM EDTA, and 10% glycerol) supplemented with 1 mM sodium orthovanadate (Sigma-Aldrich, St. Louis, MO) and protease inhibitors (Complete protease inhibitor; Amersham Biosciences United Kingdom Limited, Little Chalfont, Buckinghamshire) was added. Cells were isolated by scraping, and lysates were cleared of insoluble debris by centrifugation (1,136 ϫ g for 10 min at 4°C). GTPases were activated by adding an additional 1 mM EDTA and 100 M GTP␥S (Sigma-Aldrich) and incubated at 30°C for 30 min with agitation. Activated Rho was affinity purified using Rhotekin-RBD agarose beads, whereas activated Rac and Cdc42 were isolated by using PAK-1-agarose beads. The beads were washed following the manufacturer's instructions to remove inactive GTPases and other cellular proteins, and the samples were resolved by using sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis (PAGE). Proteins were transferred to nitrocellulose and immunoblotted with their specific antisera, using the following modifications to the manufacturer's instructions: Rho samples were probed with the monoclonal antibody provided with the kit (1:500) and washed three times (10 min each wash, Tris-buffered saline). Rac samples were blocked for 1 h at room temperature in 5% skim milk with PBS before they were exposed to the primary antibody (1:1,000) and washed three times (20 min each wash in double-distilled water). Samples for Cdc42 detection were probed with primary antisera (1:500, Becton Dickinson, Franklin Lakes, NJ) and washed three times (2 min each wash with PBS). All samples were then probed with anti-mouse antiserum conjugated to horseradish peroxidase, washed as described above, and visualized by using enhanced chemiluminescence. Samples for measuring the total cellular GTPases were prepared in a similar manner, without the addition of Rhotekin-RBD or PAK-1 agarose.
Mutant construction. (i) Deletion constructs. Primer sets were constructed (Table 2) for overlap extension PCR (26) using Platinum Pfx DNA polymerase (Invitrogen) in order to create in-frame deletions in the following genes.
(ii) vscN1 (Vp1668). A 978-bp fragment upstream of the deleted region was amplified using the primers 1668F_BamHI and WA_R_EcoRI. Similarly, a 984-bp fragment downstream of the deleted region was amplified using the primers 1668R_PstI and WB_F_EcoRI. Amplified products were used as templates in a PCR using 1668F_BamHI and 1668R_PstI to create a 1,962-bp product. Homology of the 5Ј to the 3Ј ends of WB_R_EcoRI and WA_F_EcoRI facilitated the introduction of an EcoRI restriction site along with a 273-bp 
The presence (ϩ) or absence (Ϫ) of TDH-related hemolysin (TDH), thermostable direct hemolysin (TRH), and CI-and CII-T3SS strains was determined by PCR. ‫,ء‬ isogenic mutant strain ⌬vscN1, with a deletion introduced in the gene encoding the ATPase portion of the secretion apparatus. ‫,ءء‬ isogenic mutant strain ⌬vscN2, with a deletion introduced in the gene encoding the ATPase portion of the secretion apparatus.
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deletion within the gene, creating the mutant allele of Vp1668, named ⌬vscN1. ⌬vscN1 was restriction digested with BamHI and PstI and ligated into the pHSG415-mob construct, which was digested similarly (63) .
(iii) vscN2 (Vpa1338). A deletion within the Vpa1338 gene was created by amplifying a 951-bp fragment upstream of the deleted region, using the primers 1338_F_ PstI and ATPout_R_BamH1, and a 1.4-kb fragment downstream of the deleted region, using the primers 1338_R_ApaL1 and ATPout_F_BamH1 (Table 2). These two fragments were digested with BamHI, ligated together, and PCR amplified (using the 1338_F_PstI and 1338_R_ApaL1 primers) to create a 2.35-kb in-frame fragment containing a 510-bp deletion named ⌬vscN2. As described above, ⌬vscN2 was digested with PstI and ApaL1 and ligated into the similarly cut pHSG415-mob construct.
(iv) Vp1686. A 1,026-bp PCR product upstream of the deleted region was amplified using the primers VP1686Del1ApaLI and VP1686Del2-OE. The primers VP1686Del4ApaLI and VP1686Del3-OE were used to amplify a 1,056-bp region downstream of the deletion. Amplified products were purified and used as the template to create a 2,082-bp product containing a 991-bp deletion that was ligated into pHSG415-mob using the ApaLI site.
Generation of mutant strains. pHSG415-mob containing each deletion construct was transformed into the mobilizing strain Escherichia coli S17-1 (60). Cells were recovered in SOC medium (0.5% yeast extract, 2.0% tryptone, 2.5 mM KCl, 10 mM MgCl 2 , 20 mM glucose) at 30°C for 2 h and subsequently plated for 36 h at 30°C on Luria broth (LB) agar containing kanamycin (50 g/ml).
Equal volumes of overnight culture of V. parahaemolyticus BCC23 and E. coli S17-1 containing one of the constructs pHSG415-mob::⌬vscN1, pHSG415-mob:: ⌬Vp1686, or pHSG415-mob::⌬vscN2 were mixed, centrifuged (4,000 ϫ g, 5 min), and resuspended in LB. This mixture was spotted onto SOB agar (0.5% yeast extract, 2.0% tryptone, 2.5 mM KCl, 10 mM MgCl 2 ) supplemented with 1.5% NaCl and incubated at 30°C for 2 h. The mating mixture was resuspended in 50 l LB and plated on thiosulfate citrate bile sucrose agar containing 125 g/ml kanamycin. Following a 24-h incubation at 30°C, transconjugants were substreaked onto thiosulfate citrate bile sucrose agar containing kanamycin to ensure no E. coli contamination. Mutant strains were selected as described previously (63) and confirmed by PCR screening.
Complementation with Vp1686. Vp1686 was cloned into pONGO, a pACYC184 (New England Biolabs, Ipswich, MA) derivative that has been modified to allow the addition of a C-terminal hemagglutinin (HA) tag and a cassette that enables mobilization (E. Allen-Vercoe and C. M. Southward, unpublished). The primers VP1686PoNPst and VP1686PoCBgl (Table 2) were used to amplify the 1,206-bp DNA fragment encoding Vp1686, whereupon it was restriction digested with PstI and BglII and ligated into similarly digested pONGO to create pONGO::Vp1686. The construct was transformed into E. coli S17-1 and conjugated into the deletion strains BCC23⌬Vp1686 and BCC23⌬vscN1 to create BCC23⌬Vp1686-comp and BCC23⌬vscN1-compVp1686, respectively.
Complementation with Vp1686⌬Fic. The primers VP1686PoFic_F and VP1686PoFic_R (Table 2) were used to amplify pONGO::Vp1686, using inverse PCR. The resulting product created a deletion of nucleotides 1,051 to 1,068 in the Vp1686 gene and introduced an AflIII restriction endonuclease recognition sequence at this site. This form of the gene was called Vp1686⌬Fic. The resulting product was digested using AflIII and ligated to restore a circular plasmid called pONGO::Vp1686⌬Fic. Vp1686⌬Fic codes for a protein containing the in-frame deletion of amino acid residues 352 to 355, and the introduction of the AflIII site created a silent mutation in the flanking residues. pONGO::Vp1686⌬Fic was transformed into E. coli S17-1 and conjugated into the deletion strain BCC23⌬ Vp1686 to create BCC23⌬Vp1686-comp⌬Fic.
Purification of Vp1686 and antibody production. The coding region of Vp1686 was cloned into the bacterial expression vector pET14b (EMD Biosciences, Inc., Madison, WI), which introduces an amino-terminal six-histidine tag, and trans- formed into E. coli strain BL21(DE3). Bacteria were grown to an OD 600 of 0.6 prior to the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside and grown at 37°C for 1.5 h to induce protein expression. Six-His-Vp1686 was batch purified using nickel agarose (Qiagen, Mississauga, ON, Canada), following the manufacturer's instructions. Purified recombinant protein was used to generate antiserum in rats (24) . Vp1686 translocation assay. HeLa cells were seeded in three 10-cm dishes per sample and allowed to reach 80% to 90% confluence. Cells were infected (MOI, 25) for 2.5 h. The monolayers were recovered using a cell scraper and resuspended in 10 ml of PBS. HeLa cells were washed by centrifugation (195 ϫ g, 2 min, 4°C) and resuspended in 10 ml of PBS to remove excess bacteria. After cells were washed three times, pellets were resuspended in 200 l of PBS supplemented with protease inhibitors (Complete protease inhibitor; Amersham Biosciences). The resuspended cells were passed through a 22.5-gauge needle to mechanically lyse the HeLa cells without causing residual bacterial lysis. This mechanical lysis step was repeated, and the cells were examined under a microscope after each passage until 80 to 90% free nuclei were observed. Samples were cleared of insoluble debris such as unbroken HeLa cells, nuclei, and bacteria by centrifugation (3,000 ϫ g, 15 min, 4°C) . Proteins from the supernatant were resolved using SDS-12% PAGE, transferred to nitrocellulose, immunoblotted with anti-Vp1686 antisera, and visualized using enhanced chemiluminescence detection.
Bacterial lysates were probed for Vp1686 as a control for protein production. Subcultures were made as 1/12 dilutions of overnight cultures in DMEM with the addition of 20 mM MgCl 2 and 20 mM sodium oxalate. The cultures were grown with aeration at room temperature for 2 h and then at 37°C for an additional 3 h to induce the expression of type III secreted proteins (40) . Bacteria were pelleted by centrifugation (3,110 ϫ g, 15 min, 4°C), resuspended in 5ϫ SDS sample buffer, and resolved using SDS-12% PAGE. Proteins were transferred to nitrocellulose, immunoblotted with anti-Vp1686 antisera, and visualized using enhanced chemiluminescence detection.
G-actin: total actin assay. HeLa cells were seeded in 10-cm dishes and grown to 90% confluence. Cells were infected with overnight bacterial culture (MOI, 25) for 2 h. Monolayers were rinsed with PBS, scraped from the dish, and pelleted by centrifugation (195 ϫ g, 5 min, 4°C). Cells were lysed in 200 l of lysis buffer {1 mM ATP, 50 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)], 50 mM NaCl, 5 mM MgCl 2 , 5 mM EGTA, 5% glycerol, 0.1% Igepal, complete protease inhibitors [Amersham Biosciences]} and incubated at 30°C for 10 min. The samples were ultracentrifuged at 100,000 ϫ g for 60 min to separate G-actin and F-actin. Pellets were treated with 200 l of 1 M cytochalasin D for 1 h on ice. Both the supernatant and the pellet samples were resolved using SDS-12% PAGE, transferred to nitrocellulose, immunoblotted with anti-actin antisera (Cytoskeleton Inc., Denver, CO), and visualized using enhanced chemiluminescence detection. Actin levels were quantified using densitometry (Rasband, W. S., ImageJ, U.S. National Institutes of Health, Bethesda, MD; http://rsb.info .nih.gov/ij/; 1997 to 2007). G-actin was calculated as the ratio of the total actin signals for each sample and expressed as the means Ϯ standard errors of the means (SEM). A repeated measures one-way ANOVA, followed by Dunnett's multiple comparison test was used to compare infected samples with uninfected controls (GraphPad Prism). A P value of Ͻ0.05 indicates significance.
RESULTS
Vibrio parahaemolyticus inhibits Rho, Rac, and Cdc42 activation. To determine the effects of V. parahaemolyticus infection on Rho family GTPases, intracellular Rho activation was examined in response to stimulation with the Rho activator calpeptin (57) . An enzyme-linked immunosorbent assay (ELISA) was used to quantify the amount of activated Rho in HeLa cell monolayers. A sixfold increase in activated Rho was detected in uninfected samples after they were incubated with calpeptin compared to those incubated with control medium alone (Fig. 1A) . This increase was not observed when the HeLa cells were infected with clinical and environmental isolates of V. parahaemolyticus prior to stimulation with calpeptin (Fig. 1A) , indicating that infection was interfering with calpeptin-mediated Rho activation. For most strains, the inhibition of Rho activation occurred after a 2.5-h infection. BCE515 exhibited a delayed time course of Rho inhibition (8-h infection time) due to slower growth (growth data not shown). Rho inhibition was not restricted to calpeptin treatment, as similar results were seen when fetal bovine serum was used to stimulate Rho activation (data not shown).
Results from the ELISA showed a lack of Rho activation in response to external stimuli after infection with V. parahaemolyticus. In order to better understand the nature of this phenotype, a pulldown assay was used to examine the ability to activate Rho family GTPases isolated from HeLa cell lysates after infection with the clinical isolate BCC23. This strain was chosen because it carries the tdh gene, as well as genes encod- (Table 2) . Cellular GTPases were irreversibly activated in vitro by incubating HeLa cell lysates with the nonhydrolyzable GTP analogue GTP␥S. Activated Rho was detected in uninfected samples; however, it was no longer detected after a 2-h infection with BCC23 (Fig. 1B) . Total cellular Rho remained constant over the course of infection (Fig. 1B) , indicating that the infection caused interference with Rho activation rather than protein degradation or inhibition of protein expression at the transcriptional or translational level. The inhibition of Rac and Cdc42 activation were also seen after a 2-h infection with BCC23 (Fig. 1B) . Due to the limited sensitivity of the assay, levels of activated Rho, Rac, and Cdc42 were not detectable in the absence of GTP␥S. The ability to inhibit Rho family GTPase activation through the in vitro incorporation of GTP␥S was consistent among the clinical and environmental strains tested in Fig. 1A (data not shown). GTPase inhibition requires a functional CI-T3SS. V. parahaemolyticus virulence has historically been correlated with the production of the hemolytic toxins TDH and TRH (41, 59) . Additional potential virulence factors such as the presence of two distinct T3SSs (CI-T3SS and CII-T3SS) have been suggested (38) , however their contributions to virulence are not well characterized. PCR screening was used to examine the genetic profiles of clinical and environmental isolates in order to identify the bacterial factors required for GTPase inhibition. Possession of the toxin genes, as well as the CII-T3SS, was variable between strains, yet genes encoding the CI-T3SS were found in all isolates tested ( Table 1 ). The presence of the CI-T3SS in all strains made it an attractive candidate as a necessary factor involved in GTPase inhibition.
To determine the involvement of the CI-T3SS in Rho family GTPase inhibition, a nonpolar deletion was generated within the vscN1 gene encoding the homologue of the ATPase portion of the secretion apparatus in Yersinia spp. (38) . The ability to inhibit Rho family GTPase activation was abrogated upon infection with the strain BCC23⌬vscN1, as activated Rho, Rac, and Cdc42 were detected during the entire course of infection (Fig. 2 , left panels) and were still detectable after 8 h of infection (data not shown). Complementation with plasmidencoded vscN1 resulted in the partial restoration of GTPase inhibition (data not shown). A mutant strain (BCC23⌬vscN2) lacking the ATPase homologue of the CII-T3SS showed no deficiency in the ability to inhibit Rho family GTPase activation (Fig. 2, right panels) compared to wild-type BCC23. These findings indicate that Rho family GTPase inhibition is dependent on the secretion of bacterial effectors delivered through the CI-T3SS but not the CII-T3SS.
GTPase inhibition requires translocation of the CI-T3SS effector Vp1686. As the inhibition of Rho family GTPases is dependent on a functional CI-T3SS, we used a genetic approach to determine the secreted factor required for this effect. Three proteins, Vp1680, Vp1686, and Vpa0450, have previously been identified as CI-T3SS effectors secreted by the Asian pandemic strain RMD2210633 (50) . Due to the genetic variability between North American and Asian strains of V. parahaemolyticus, we examined the secretion profile of BCC23. SDS-PAGE followed by matrix-assisted laser desorption ionization-time of flight mass spectrometry analysis of secreted proteins revealed the presence of all three proteins, including Vp1686 (data not shown).
A mutant strain lacking the secreted protein Vp1686 was unable to inhibit the activation of Rho family GTPases isolated from HeLa cells, as active Rho, Rac, and Cdc42 GTPases were detected during the entire course of infection with BCC23⌬ Vp1686 (Fig. 3A, left panels) . The deletion of Vp1686 did not have polar effects on the secretion of other CI-T3SS effector proteins (data not shown), indicating that the secretion of Vp1686 is necessary for GTPase inhibition. Complementation with plasmid-encoded Vp1686-HA completely restored the ability of V. parahaemolyticus to inhibit Rho family GTPase activation as Rho, Rac, and Cdc42 were no longer detectable after a 2-h infection (Fig. 3A, right panels) . Additionally, BCC23⌬Vp1686 did not inhibit the level of calpeptin-mediated Rho activation in vivo compared to that of uninfected HeLa cell monolayers, whereas complementation with Vp1686-HA restored the ability to inhibit Rho activation (Fig. 3B) . A protein BLAST analysis of Vp1686 revealed that amino acid residues 348 to 355 located in the C-terminal portion of this protein encode a conserved motif, HPFXXGNG, called Fic (filamentation induced by cyclic AMP) (9) . This motif is present in a family of proteins thought to be involved in the regulation of cell division, although the molecular function of these proteins has not been elucidated. It was recently reported that Vp1686 can bind directly to the nuclear protein NF-B and that the deletion of the Fic motif does not affect this phenotype (9) . To determine whether the deletion of this region had an effect on Rho inhibition, BCC23⌬Vp1686 was complemented with plasmid-encoded Vp1686-HA possessing the deletion of residues 352 to 355 contained within the Fic   FIG. 2 . The inhibition of Rho family GTPase activation is dependent on the CI-T3SS. Anti-Rho, anti-Rac, and anti-Cdc42 immunoblots of HeLa cell lysates after infection with either the CI-T3SS mutant BCC23⌬vscN1 (⌬vscN1, left panels) or the CII-T3SS mutant BCC23⌬vscN2 (⌬vscN2, right panels) for the indicated times. In all cases, lysates were incubated with GTP␥S. Upper panels represent activated GTPase, whereas lower panels represent total cellular GTPase levels. Apparent molecular weight is in kilodaltons. Data shown are representative of three independent experiments. motif (BCC23⌬Vp1686-comp⌬Fic). Complementation with Vp1686⌬Fic-HA did not restore the ability to inhibit Rho (Fig.  3b) , indicating that an intact Fic motif is necessary for Vp1686-dependent Rho inhibition.
Vp1686 has previously been shown to be translocated into HeLa cells by the pandemic strain RMD2210633 (50) . As there is considerable variability between Asian and North American isolates of V. parahaemolyticus, the ability of BCC23 to translocate Vp1686 was examined. Vp1686-HA was expressed in the CI-T3SS-deficient strain (BCC23⌬vscN1-compVp1686) as a control for the translocation of HA-tagged protein. After HeLa cell monolayers were infected, cell lysates were examined by immunoblotting. Vp1686 was detected in the membrane/cytosolic fractions of lysates from HeLa cells that had been infected with BCC23, BCC23⌬vscN2, BCC23⌬Vp1686-comp, and BCC23⌬Vp1686-comp⌬Fic (Fig. 4A, upper panels) . Vp1686 was not detected in lysates from cells infected with the gene-specific knockout strain BCC23⌬Vp1686 or the CI-T3SS deletion mutant strains BCC23⌬vscN1 and BCC23⌬ vscN1-compVp1686 (Fig. 4A, upper panels) , confirming its delivery through the CI-T3SS but not the CII-T3SS. The addition of the HA tag or the deletion of the Fic domain did not affect the translocation of Vp1686. Immunoblotting of bacterial lysates showed production of Vp1686 in all strains except the gene-specific knockout strain BCC23⌬Vp1686, demonstrating that mutations affecting the secretion apparatus do not affect production of the effector protein (Fig. 4A , lower panels). Production and translocation of Vp1686 were also detected for the strains BCC34, BCC7, BCE306, and BCE515 (Fig. 4B) . Taken together, our data indicate that translocation of Vp1686 is necessary for the inhibition of Rho family GTPase activation, as deficiencies in either production or translocation of this effector result in a loss of GTPase inhibition.
Rho family GTPase inhibition is coupled with an increase in the monomeric actin pool. As Rho family GTPases are important signaling molecules involved in actin dynamics, the state of cellular actin was determined in HeLa cells by using an actin sedimentation assay. Infection of HeLa cells with BCC23 resulted in an increase in the G-actin/total actin ratio compared to that of uninfected samples (P Ͻ 0.05; Fig. 5 ), indicating a shift in the total actin pool to its monomeric form. Several virulence factors of V. parahaemolyticus have been reported to be cytotoxic to mammalian cells (9, 31, 50, 53) , which could account for a breakdown of intracellular actin structures (32) . The increase in G-actin was not a result of cytotoxicity, as BCC23 did not cause an increase in lactate dehydrogenase (LDH) release after a 3-h infection compared to that of uninfected cells (uninfected [UI] ϭ 5.35% Ϯ 0.41% LDH release; BCC23 ϭ 3.09% Ϯ 0.44% LDH release; P Ͼ 0.05). This is consistent with our previous observation that our strain collection of V. parahaemolyticus causes cytoskeletal disruption in CaCo-2 cells in the absence of cytotoxicity (36) . The shift observed for actin to its monomeric form is dependent on the translocation of Vp1686, as the infection with BCC23⌬Vp1686 had no effect on the G-actin/total actin ratio compared to that of uninfected cells (P Ͼ 0.05). Complementation with Vp1686-HA restored the ability to increase the G-actin/total actin ratio (P Ͻ 0.01); however, complementation with Vp1686⌬Fic-HA did not (P Ͼ 0.05, Fig. 5 ). Differences in total actin were not detected after infection with any of the strains (P ϭ 0.313), suggesting that Vp1686 delivery causes a shift in the existing cellular actin pool to its monomeric form, rather than interfering with total actin levels. Collectively, our data show that the translocation of Vp1686 into HeLa cells leads to a redistribution of the cellular actin pool as well as inhibition of Rho family GTPases and that both of these phenotypes require an intact Fic motif. 
DISCUSSION
This study supports previous claims that Vp1686 is a potential virulence factor of V. parahaemolyticus, and describes a novel effect of this translocated protein on cultured HeLa cells. We have shown that upon the cells' infection with clinical and environmental isolates of V. parahaemolyticus, the translocation of Vp1686 via the CI-T3SS leads to the inhibition of Rho family GTPases. This effect is independent of the CII-T3SS and the hemolytic toxins. At present, studies of potential virulence factors have been restricted largely to clinical isolates possessing the CII-T3SS and the tdh gene (9, 31, 34, 61) . As some clinical isolates lack the genes for these effectors (39), our findings may provide insight into the virulence mechanisms used by these strains. Furthermore, the ability of environmental isolates to inhibit Rho family GTPases may indicate the potential of these strains to cause disease in susceptible hosts.
The inhibition of host cell GTPases is a common mechanism of virulence among pathogenic bacteria (1, 4, 20, 30) . After infection with V. parahaemolyticus, HeLa cells do not activate intracellular Rho in response to stimulation with calpeptin. This effect is not due to interference at the level of the stimulus itself, since in vitro activation of Rho family GTPases isolated from cell lysates is also inhibited. Total levels of cellular Rho, Rac, and Cdc42 GTPases remain unchanged during infection, indicating that the production and stability of the proteins are unaffected. Although many bacterial factors inhibit Rho family GTPases via GAP activity (21, 33) , it is unlikely that this is the mechanism of Vp1686-dependent GTPase inhibition. As the pulldown assays used in this study involved the incorporation of GTP␥S, a nonhydrolyzable GTP analogue, increased GAP activity would not affect the level of activated Rho family GTPases in the sample. It is possible that V. parahaemolyticus interferes with the incorporation of GTP either by directly targeting the GTPase itself or indirectly by targeting accessory molecules such as cellular GEFs or GDIs.
Bacterial Rho-inactivating effectors have been shown to possess multiple functional domains. ExoT and ExoS produced by Pseudomonas aeruginosa are bifunctional proteins capable of both inactivating Rho family GTPases via GAP activity and interfering with other host signaling molecules via ADP ribosylation. The dual action of these proteins is separated into distinct functional domains (21, 33) . Recent characterization of Vp1686 has suggested that the N-terminal region is capable of directly binding NF-B, which may lead to apoptosis in macrophages, and that the C-terminal region containing the Fic motif is not necessary for this binding (9) . Conversely, we have shown that a deletion within the Fic motif results in a loss of Rho inhibition. Deletion of these amino acids does not affect the production or translocation of stable protein into HeLa cells. Further mutational analysis is required to determine if the deletion of this region causes a loss of function directly or if the effect is indirectly due to a potential, localized improper folding of the C-terminal portion of the protein.
Though it is not known whether the Fic motif is directly involved in GTPase inhibition, these observations suggest that Vp1686 may possess distinct regions required for both NF-B binding and the inhibition of Rho family GTPases.
Bacterial pathogens hijack Rho family GTPases with various consequences to host cells, most notably involving the organization of the actin cytoskeleton (23) . We have shown that the infection of cells with the clinical isolate BCC23 results in a shift in the total pool of actin to its monomeric form, which is dependent on the delivery of Vp1686 into the cell. This change in the organization of the actin cytoskeleton is independent of cytotoxicity, indicating that pathways modulating cytoskeletal dynamics are being targeted specifically. Additionally, mutation within the Fic motif interferes with GTPase inhibition and also restores the G-actin/total actin ratios to levels comparable to that of uninfected cells. Active Rho, Rac, and Cdc42 GTPases stimulate the polymerization of G-actin to F-actin during the formation of stress fibers, lamellipodia, and filopodia, respectively (28) , and the inactivation of Rho family GTPases has been shown to hinder the ability of cells to form these polymerized actin structures (44, 54, 55) . The ability of BCC23 to cause an overall shift in intracellular actin to its monomeric form is consistent with a decreased ability of the HeLa cells to form actin filaments as a downstream effect of Vp1686-dependent GTPase inhibition.
Although the translocation of Vp1686 contributes to the disruption of actin dynamics in HeLa cells, cytoskeletal disruption by V. parahaemolyticus may be multifactorial. A recent study suggests that some strains of V. parahaemolyticus may usurp the regulation of actin assembly by more complex mechanisms. The CI-T3 secreted protein VopL has been shown to stimulate the polymerization of actin filaments in HeLa cells by mimicking eukaryotic actin-nucleating proteins acting downstream of the Rho family GTPases (34) . Type III secreted effectors exhibiting antagonistic functions are known to be utilized in concert by bacterial pathogens in order to facilitate virulence. The Salmonella sp. effectors SopE and SptP exhibit GEF and GAP activity, respectively, and the temporal separation of the translocation and activation of these proteins allows the sequential activation and inactivation of Rho family GTPases during the invasion process (56) . It is possible that strains of V. parahaemolyticus possessing both CI-and CII-T3SS have developed a mechanism to promote virulence by utilizing both Vp1686 and VopL in order to control the amount of polymerized actin within the cell. The ability to inhibit Rho family GTPases is maintained in strains lacking the CII-T3SS, however, indicating that this phenotype can contribute to virulence in the absence of CII-T3SS effectors.
Cytoskeletal disruption leading to a breakdown of barrier function in epithelial cells is a well-characterized consequence of Rho family GTPase inactivation (12, 28) . While Vp1686 translocation contributes to the cytoskeletal disruption observed in HeLa cells by altering the dynamics of actin polymerization, the inhibition of Rho family GTPase activation may also mediate other virulence phenotypes. Type III secreted proteins have been shown to target Rho family GTPases in order to facilitate the invasion of bacteria into host cells (49, 51) , and it has been suggested that these signaling molecules may be involved in the invasion process by the V. parahaemolyticus clinical isolate AQ4023 (2) . In contrast, our observations show that BCC23 is not invasive (unpublished data), suggesting that GTPase inhibition may be involved in yet another aspect of virulence. The inactivation of Rho family GTPases and their downstream effectors have also been shown to inhibit the phagocytic abilities of macrophages (10, 19) and to promote apoptosis in various cell lines (11, 22, 42) . Fiorentini et al. have proposed a mechanism that describes how bacterial type III secreted effectors that inhibit Rho family GTPases may have both antiphagocytic and apoptotic effects in macrophages (18) . This is a potential virulence mechanism of V. parahaemolyticus, as our preliminary data suggest that BCC23 can cause Rho inhibition in J774.1 macrophages (data not shown). Further characterization will determine the role of GTPase inhibition in various cell lines in order to better understand the contributions of this phenotype to virulence.
This study has demonstrated the ability of V. parahaemolyticus to disrupt host cell signaling through the inactivation of Rho family GTPases and the consequential redistribution of intracellular actin. Although the relevance of this phenotype to virulence is not yet known, future studies investigating the mechanism of GTPase inhibition and the cell types targeted will enable greater understanding of pathogenesis. There is tremendous genetic diversity among strains of V. parahaemolyticus (39; R. DeVinney, unpublished data), and what bacterial factors are required to cause disease in humans is currently unknown. Although much of the V. parahaemolyticus research has been restricted to the Asian pandemic strains, we examined a variety of North American strains for their effects on GTPases to better understand the bacterial factors involved in virulence. GTPase inhibition was observed regardless of the presence of the genes for TDH, TRH, or the CII-T3SS. As the presence of the tdh gene is currently used to identify pathogenic strains, we have further illustrated that a better understanding of V. parahaemolyticus virulence factors is essential for the proper screening of potentially pathogenic isolates.
